INTRODUCTION
Laser ultrasonic generation and detection systems have been shown to be effective in the inspection and evaluation ofboth metals and composite materials [1] [2] [3] . Advantages of these noncontact systems include rapid scanning capability, the inspection of parts with complex geometries, and the ability for use in hostile environments. Unfortunately, Iaser ultrasonic systems are somewhat less sensitive than conventional contact piezoelectric systems. In order to increase the sensitivity, careful consideration must be paid to the choice ofboth generation and detection Iaser systems. Although the sensitivity of current Iaser ultrasonic systems has been shown to be sufficient for several applications, small improvements may allow for a more wide-spread use.
When generating ultrasound with either a single Iaser source or an array of Iaser sources, the properties of any pulse incident on the specimen, including wavelength, pulse length, and energy density, have significant effects on the amplitude and shape of acoustic waves generated in the thermoelastic regime. In this paper, the effects of varying the Iaser pulse length in both metals and composites is evaluated. The relationship between temporal pulse shape and acoustic wave amplitude for thermoelastic generation is established. Using a simple Q-switched Nd: Y AG Iaser system, the pulse length was varied from the typical 5-30ns range to as long as 200ns. When a comprehensive model was applied, predictions of pulse length effects were made on the basis ofthermal conductivity and elastic wave equations. In the more general case, such as the laser generation in various composite materials, a linear systems approach has been taken allowing for the prediction of the material response to a laser pulse of arbitrary temporal profile based on a single waveform generated by a conventional short laser pulse.
PULSE LENGTH ADWSTMENT AND EXPERIMENTAL SETUP
Commercial Q-switched Nd: Y AG laser systems generally a fixed pulse length in the 5-30 ns range. In order to adjust this length, the dependence ofthe pulse length on various Iaser cavity parameters must be found. Q-switching can be modeled using coupled rate equations [4] . Through numerical solution ofthese equations, the output Iaser pulse shape can be estimated. lt has been found that increasing cavity length, increasing output coupler reflectivity, and decreasing pump rate all have the effect of increasing the pulse length and can be easily used to control the output pulse length of a given Iaser system. The experimental setup is given in Figure 1 . Of the possible means of pulse length adjustment, the Iaser pulse shape was controlled in these experiments by changing the cavity length and pumping rate. Decreasing the pump rate also decreases the energy in the output pulse. A combination of decreasing the pump rate and increasing the cavity length was used to insure an adequate amount of energy in the output pulse. The maximum cavity length used in the experiments was 3m which, when combined with a low pumping rate, gave pulses in excess of 200ns. The output energy from the Iaser was Figure 2 . Relative acoustic wave amplitude versus pulse length. These plots take into account an equivalent surface temperature over which thermoelastic generation is not possible sampled using a partial reflector and monitored with an energy meter. The ultrasonic signals were detected using a stabilized Michelson interferometer.
PULSE LENGTH EFFECTS IN METALS
The heating of a metal surface by a Iaser pulse can be found by solving the thermal conductivity equation for a gaussian spot ofnormalized temporal pulse shape [5] . In nondestructive evaluation applications, the generation Iaser should not heat the surface to a Ievel which causes damage. For all practical purposes, the material should not be heated beyond the melting point (Tm). Controlled melting and resolidification is quite difficult with a Q-switched Iaser pulse. The sharp modification in thermal and optical properties incurred at Tm are such that heating above Tm can result in fast temperature excursions up to the boiling point and the onset ofintense vaporization [6] .
Due to the effects ofthermal diffusion, heat is removed from the illuminated region even during the nanosecond time scale of the incident pulse. If an arbitrary ( equivalent surface) temperature is chosen to be the maximum temperature to which a surface can be heated before darnage occurs then, as the pulse length is increased, more energy can be used in the generation pulse before the equivalent surface temperature is reached. The case of ultrasonic displacements in a homogeneous and isotropic material which is excited thermoelastically by a Iaser pulse has been solved using a transform technique [7 ,8] . The transformed solution was inverted numerically giving the out of plane displacements in a plate [9] . Increasing the pulse length, while keeping the energy in the pulse constant, has been found to yield a small decrease in the amplitude of both bulk and surface waves.
Combining the previous two effects, the ultrasonic wave amplitude possible through thermoelastic generation can be theoretically predicted as a function of pulse length. The plots for surface, longitudinal, and shear waves are given in Figure 2 . In all of these cases, the source laser spot size was 2.5 mm and the detection angle for the bulk waves was 45 degrees in a 6mm specimen. Note that although there is an appreciable amplitude enhancement possible through the use of a Ionger pulse for generation, there is also the disadvantage in that the frequency content of the signals may be lowered. The frequency content of laser generated acoustic waves in metals is determined by two factors: the spatial frequency content of the laser illuminated region and the temporal frequency content of the incident laser pulse. Small spot sizes and short laser pulses generally give rise to high frequency acoustic waves. For surface wave generation and off-epicenter bulk wave generation, with source spot sizes greater than approximately 2mm, the frequency content of the acoustic signals is determined primarily by the spatial extent of the source. Figure 3 shows that, in these cases, the amplitude increase possible through lengthening the laserpulse is accompanied by very little loss ofhigh frequency components. In cases where the generation spot is very small or, for example, when detecting the sharp longitudinal precursor signal associated with epicentral generation, the gains achieved through pulse lengthening will be less and come at the expense of Figure 3 . Predicted equivalent surface temperature amplitude enhancements for a) surface waves generated with a 2.5mm spot size and b) bulk waves generated at 45 degrees off epicenter with a 2.5mm spot size.
significant high frequency attenuation. Thus for homogeneous, isotropic metals, a determination of optimum pulse length can be made on the basis ofthermal and elastic properties, source spot size, and the frequency content or resolution necessary for a given application.
PULSE LENGTH EFFECTS IN COMPOSITE MATERIALS
In composite materials, the prediction of pulse length effects is difficult because a comprehensive model for laser heating and laser ultrasonic generation is not available. The inhomogeneous and anisotropic nature of most composite materials, such as graphite-epoxy, make theoretical predictions based on analytical models difficult. lt has been found, though, that the thermoelastic laser generation process in composites can be modeledas a linear system. A single waveform r(t) from a conventional Q-switched laser source s(t) is takenon the composite specimen ofinterest. From this experimental waveform, the material/instrumentation transfer function h(t) can be evaluated through deconvolution:
The frequency spectrum of s(t) is finite and thus the materiallinstrumentation response is only determined over the spectral range of this pulse. From this information, the material/instrumentation response to an arbitrary inputlaserpulse k(t) can be determined as long as the spectral range ofk(t) falls within the spectral range of s(t). For smooth laser pulses of similar shape, this generally means that the pulse width of k( t) is greater than that of s(t). Letting m(t) be the theoretical ultrasonic response to generation with k(t) the following relationalso holds:
Using Equations 1 and 2, the ultrasonic waveform generated in a material by an arbitrary Iaser pulse k(t) can be predicted through the relation:
Equation 3 is valid as long as all other parameters, including spot size, source location, and receiver location, are held constant. A comparison of this theory to experiment is given in Figure 4 . In this case, an 86ns laserpulse was used to generate a waveform in a graphite-PEEK sample as is shown in Figure 4a . Figure 4b gives a comparison of the linear systems prediction of the material response to a 210 ns pulse (top) and an experimental waveform taken with a 21 Ons source. These waveforms are quite similar indicating that the laser generation process was linear. Figure 5 shows waveforms generated in two different regions in a graphite-PEEK specimen. The llns waveforms were taken experimentally and, based on these waveforms, the waveforms from 1 OOns and 178ns pulses were predicted. All of the laser sources have the same amount of energy. In cases such as Figure 5a , where the frequency content ofthe signals is quite low, there is little change in waveform shape or amplitude seen when using a Ionger generation pulse. In other cases, such as Figure 5b , there is some loss ofhigh frequency content resulting in lower amplitude acoustic signals from the 1 OOns and 178ns pulses. . Epicentral waveforms on two regions of graphite-PEEK sample. The llns waveforms were taken experimentally and the Ionger pulse waveforms were predicted using linear systems theory.
As a result of the ultrasonic low pass fittering effect seen in many composites, there is often very little change in waveform amplitude or shape seen when spreading the generation Iaser pulse out from IOns to over 200ns. For generation in metals, it was shown that when the Iaser pulse length was increased, thermal diffusion carried heat away from the surface and allowed for generation with higher energy pulses before reaching the ablation threshold. The darnage threshold in the composites studied was monitored experimentally by observing the onset of darnage under an optical microscope. Darnage was indicated by surface discoloration followed by vaporization of the matrix material near the specimen surface.
The graphite epoxy and graphite PEEK samples tested showed no appreciable change in darnage threshold when generating with Iaser pulses in the 10-200 ns range. This indicates that the thermal conductivity in the illuminated region is quite low. It has been shown that, when generating with a Nd: Y AG Iaser in a graphite-epoxy specimen, a significant portion ofthe Iaser energy is absorbed by the graphite fibers [3] . The present results suggest that either the one-dimensional heat flow in the fibers is was not sufficient to remove heat from the illuminated region during the nanosecond time-scale of the incident Iaser pulse or that enough Iaser energy is absorbed by the matrix material ( extremely low thermal conductivity) to cause vaporization independent of the fiber temperature.
The fact that no change in darnage threshold was seen when generating with long pulse length in the composite materials studied indicates that there is no advantage gained in varying the pulse length. The linear systems model has shown that the same advantages of using long pulse generation in metals may be seen with composite materials only if the thermal conductivity in the illuminated region is high. Thus on other high thermal conductivity composites, such as metal-matrix and carbon-carbon composites, optimization of Iaser source parameters may involve the use of a long Iaser pulse.
CONCLUSIONS
The optimization of Iaser source parameters can Iead an increase in the amplitude of Iaser generated ultrasonic waves. Pulse length optimization has been shown to provide a significant amplitude enhancement of ultrasonic waves generated in metals. The choice of generation pulse length depends on the thermal properties of the material, source spot size, source and receiver location, and the frequency content of the signal required for a particular application. Using the thermal conductivity and elastic wave equations, the Iaser pulse length giving the largest amplitude ultrasonic waves can be predicted.
In composites, as weil as in other materials where comprehensive solutions to thermal and elastic wave equations for Iaser ultrasonic generation are not available, a linear systems approach to the effect of varying incident Iaser pulse length has been introduced.
A single experimental waveform is used to predict the response of a given material to other Iaser pulses of arbitrary temporal profile. In the composites tested, waveforms were seentobe similar for incident Iaser pulses in the 10-200ns range. The darnage threshold was also found to have very little dependence on pulse length indicating low thermal conductivity in the illuminated region. In these materials there was no gain associated with varying pulse length. It is noted that, in high thermal conductivity composites such as metal-matrix and carbon-carbon composites, thermoelastic generation may have a stronger dependence on pulse length. For these composites, it is expected that the amplitude enhancement possible should be similar to that seen when generating in metals.
